Ribonuclease P (RNase P) and RNase MRP are closely related ribonucleoprotein enzymes, which process RNA substrates including tRNA precursors for RNase P and 5.8 S rRNA precursors, as well as some mRNAs, for RNase MRP. The structures of RNase P and RNase MRP have not yet been solved, so it is unclear how the proteins contribute to the structure of the complexes and how substrate specificity is determined. Using electron microscopy and image processing we show that eukaryotic RNase P and RNase MRP have a modular architecture, where proteins stabilize the RNA fold and contribute to cavities, channels and chambers between the modules. Such features are located at strategic positions for substrate recognition by shape and coordination of the cleaved-off sequence. These are also the sites of greatest difference between RNase P and RNase MRP, highlighting the importance of the adaptation of this region to the different substrates.
INTRODUCTION
Ribonuclease P (RNase P) is an endonuclease that cleaves the 5 0 -leader sequence of pre-tRNAs [for review see (1) ]. RNase P is conserved between all taxonomic kingdoms, demonstrating its early appearance in evolution. The complex consists of an RNA subunit [Rpr1 for Saccharomyces cerevisiae, (2) ] that forms part of the catalytic core and protein components of variable size. Bacterial RNase P has a single protein component, whereas there are four to five protein subunits in archaea and at least nine in the eukaryotic system [Pop1, Pop3-Pop8, Rpp1, Rpr2 in S. cerevisiae for review see (3) ]. In the eukaryotic complex, these proteins comprise more than half of the mass of the ribonucleoprotein (RNP) particle, which has an approximate total mass of 410 kDa.
In addition to RNase P, eukaryotes possess the mitochondrial RNA processing ribonuclease [RNase MRP, (4) (5) ]. RNase MRP has a related RNA core [Nme1 for S. cerevisiae, (6)] and shares eight protein subunits with RNase P [Pop1, Pop3-Pop8, Rpp1 in S. cerevisiae (7) ]. Only two subunits are specific for RNase MRP, Rmp1 (8) (24 kDa) and Snm1 (9) (23 kDa), the latter of which is homologous to Rpr2 in RNase P. RNase MRP has a wider range of known substrates than does RNase P. As its name implies, it was first described as a mitochondrial complex that is involved in processing of an RNA primer required for initiation of DNA replication (4) . Subsequent fluorescence studies revealed that RNase MRP, like RNase P, is mainly localized in the nucleolus (10) (11) (12) and is involved in processing of pre-mature 5.8 S rRNA (13) (14) (15) . But it is also involved in regulation of cell cycle by cleavage of specific mRNAs (16) . Similar to RNase P, RNase MRP is essential for the survival of the cell.
Many investigations have focused on elucidating the structure of the RNA core, which consists of a catalytic domain (C-domain) and a specificity domain (S-domain), which can bind pre-tRNA directly. Sequence analysis suggests that the catalytic RNA cores of RNase P and RNase MRP form similar secondary structures (17) (18) (19) (20) , and assemble into related 3D core structures (21) (22) (23) (24) (25) . Structures have been determined for several protein subunits of RNase P; the archaeal homologs of Pop3, Pop4, Pop5, Rpp1 and Rpr2 (26) (27) (28) (29) (30) (31) (32) (33) (34) , two eukaryotic proteins Pop6 and Pop7 (35) , and the bacterial protein (36) . This is complemented by a recent structure of the whole bacterial complex (24) with bound tRNA. However, the structures of the archaeal and eukaryotic particles, with more complex protein components, are still unknown. Thus, the exact role of the additional proteins in these complexes is still poorly understood, despite most of the individual protein structures being known.
Analysis of scans of gels of RNase P/MRP stained with SYPRO ruby provide additional information on the relative subunit composition suggesting that most protein subunits are present in multiple copies (8) . These data are complemented by protein-protein interaction studies in different species (37) (38) (39) (40) (41) , which among other interactions repeatedly report interactions between homologs of Pop4-Pop5, Pop4-Rpr2, Pop5-Rpp1 and Pop6-Pop7. Apart from the Pop4-Pop5 subcomplex, all of the predicted binary complexes have been crystallized either from archaea or from yeast (27, 29, 35) .
Even with this wealth of information, there is still no consensus model for the architecture of eukaryotic RNase P and RNase MRP, due mainly to a lack of structural information on the holoenzymes. Therefore, we have used electron microscopy (EM) and single particle image processing to determine structures of both complexes at a resolution of $1.5-1.7 nm. These structures reveal the modular architecture of RNase P and MRP and show differences in the substrate-binding cavity.
MATERIALS AND METHODS

Yeast strains
Genomic integration of the HA tag (HIS3MX6-marker) was performed to create fusion proteins of Rpr2 (HA tag C-terminally) and Snm1 (HA tag N-terminally) as described (42) into the S. cerevisiae strain YSW1 (MATa POP4::TAPTAG::TRP1ks pep4:LEU2 nuc1::LEU2 sep1::URA3 trp-1his3-11,15 can-100 ura3-1 leu2-3,112) described previously (9) . Snm1 was tagged N-terminally due to frequent C-terminal degradation of Snm1. Presence of the HA tag in the fusion proteins was confirmed by western blot. Genomic integrations of the green fluorescent protein (GFP) tag were performed on above described Rpr2-HA strain by tagging the C-terminus of Pop5, Pop6, Pop8 or Rpp1 with yeGFP tag (hphNT1 marker) and N-terminus of Rpr2-HA with promoter Gal1 : yeGFP tag (natNT2 marker) as described (43) . Presence of the GFP tag in the fusion proteins was confirmed by western blot.
Affinity purification
Cells, grown in 12 l of YPD, were harvested at OD 3.0-3.5 and disrupted with glass beads in lysis buffer [50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, protease inhibitor FY (Serva), 0.0375% NP40] using a Pulverisette 5 (Fritsch, three cycles milling with power set to 350 for 4 min, 1 min break between cycles). TAP-tagged Pop4 protein was purified from cell lysate as described previously (44) until the step of the TEV eluate, which was then loaded on an HA affinity matrix (Roche) and incubated for 5 h at 4 C. The bound fraction was eluted via competition with the HA peptide (Roche) for 30 min at 37 C. The HA eluates were concentrated, analyzed using NuPAGE 4-12% gradient or 12% SDS-PAGE (Invitrogen) stained with colloidal Coomassie (Sigma) and verified by mass spectrometry. Furthermore, the separation of RNase P and RNase MRP was tested by quantitative RT-PCR.
For antibody labeling, the TEV eluate was split into two halves and one half was processed as described before. To the other half, anti-GFP monoclonal antibodies (Roche, 40 mg/ml final concentration) were added after 1 h incubation on the HA matrix and further incubated for 4 h.
Mass spectrometry
Mass spectrometry using tryptic digest from Coomassiestained SDS-PAGE was performed as described previously (45) . Proteins were identified using Mascot (Matrix Science) and the MSDB protein database.
Quantitative real-time reverse-transcription PCR
The HA eluates of Pop4-TAP Rpr2-HA and Pop4-TAP HA-Snm1 were treated with Proteinase K (10 mg/ml) to digest the proteins. The RNAs were then extracted by standard phenol/chloroform extraction (46) . Contaminant DNA was digested by DNase I treatment.
Nme1 RNA (RNase MRP) and Rpr1 RNA (RNase P) were reverse-transcribed using Transcriptor First Strand cDNA Synthesis Kit (Roche) at 60 C to improve the efficiency of the reaction by unfolding the RNA. The primers used were 5 0 -TCCATTGGGTTACTCGAT CC-3 0 for Nme1 RNA and 5 0 -TGGAACAGCAGCAGT AATCG-3 0 for Rpr1 RNA. qPCR was performed using the SYBR Õ GREEN PCR Master Mix (Applied Biosystem) following the manufacturer's instructions. Reactions were performed in triplicate from three different purifications of each complex using an ABI 7500 according to these conditions: 50 C for 2 min and 95 C for 10 min followed by 40 amplification cycles (95 C for 15 s and 60 C for 1 min). A dissociation stage was performed to check the specificity of the reactions. Pairs of primers (5 0 -CGGTACTGGATTCCGTTTGT-3 0 and 5 0 -AGCACGGGAAAGAGCAATC-3 0 for Nme1 cDNA and 5 0 -CCGGGTTAATGTCGCTTTT-3 0 and 5 0 -CGGTCGGTAAAGACTGGTTC-3 0 for RPR1 cDNA) were designed by Primer3. The three pairs of primers were chosen with care taken that they did not anneal the regions of secondary structure of target molecules predicted by Mfold (47) . Primer efficiencies were tested as described previously (48) .
The ratio of the RNA subunits of RNase P (Rpr1) and RNase MRP (Nme1) was calculated as follows:
Cleavage assay
Six micrograms of premature tRNA were incubated with 3 mg affinity purified RNase P (approximate molar ratio 20:1) in buffer (50 mM Tris-HCl pH 8.0, 100 mM NH 4 Cl, 10 mM MgCl 2 or 2 mM EDTA) for 30 min at 37 C (49). Reactions were stopped by adding 9 M urea, 1 mM EDTA, 1 mg/ml bromophenol blue in 1Â TBE (89 mM Tris, 89 mM boric acid; 2 mM EDTA). The mixtures were denatured for 1 min at 95 C, and separated on a 12% polyacrylamide / 7 M urea gel. The gel was stained with 0.1% toluidine blue.
Pre-tRNA synthesis
Saccharomyces cerevisiae genomic DNA was used as the initial PCR template to amplify the tRNA Tyr gene (GenBank accession number J01380) with primers described in (50) and the tRNA Glu gene [tE(CUC)D GenBank accession number X06132.1] with primers ptRNA-Glu_F (5 0 -GTAATACGACTCACTATAGAGG TCAAACTATCACCAAGGTACA-3 0 ) and ptRNAGlu_R (5 0 -AAAAAGAAACTCCGAAGCGG-3 0 ). The PCR products were transcribed using T7 Transcription kit (Fermentas, #K0412) to produce pre-tRNA Tyr and pre-tRNA Glu , respectively, following the manufacturer's instruction.
Electron microscopy
Grids were prepared by sandwich negative staining (51) . For random conical tilt reconstruction, pairs of tilted (À55 ) and untilted fields were recorded on a Philips CM200 FEG on a 2kx2k CCD (TVIPS GmbH) at a nominal magnification of 27 500 (5.2 Å /pixel) at room temperature. Micrographs were recorded under low dose conditions. Tracking of the area of interest was done manually.
For high-resolution image analysis, grids were prepared as outlined above and frozen in liquid nitrogen immediately after drying. Thereafter, grids were kept at liquid nitrogen temperature. Grids were transferred to the CM200 FEG with a Gatan 626 cryo-transfer holder. Micrographs were recorded on CCD at a nominal magnification of 66 000 (2.2 Å at specimen level) at 200 kV under low dose conditions. 2006 micrographs were collected for RNase MRP and 1861 micrographs for RNase P, respectively.
For antibody labeling, grids were prepared by sandwich negative staining (51) , and microscopy and imaging were performed as described for random conical tilt reconstruction.
Image processing
Initial maps of RNase P and RNase MRP were calculated by random conical tilt reconstruction using Spider (52) for particle selection and windowing and Imagic 5 (53) for alignment, classification and reconstruction. The relative orientations of some of the random conical tilt maps were determined and used to calculate a new map from the tilted particles contributing to the successfully aligned maps. The maps were further refined by projection matching of the tilted and untilted images (Supplementary Figure S1 and Supplementary Methods).
These refined maps of RNase P and RNase MRP were used to generate starting references for iterative refinement by projection matching (Spider) of the larger datasets of negatively stained, frozen RNase P (42 009 particle images) and RNase MRP (59 400 particle images). For further processing, the effects of the contrast transfer function were reduced by appropriate phase reversal (Supplementary Methods). In addition, for each complex, the data was processed in 20 defocus groups; for each defocus group, a map was calculated by weighted back projection using Spider. The maps were added to give the final map (Supplementary Data).
Maps of RNase P and RNase MRP were similar but also had distinct differences. In order to test whether these differences were linked to variability in the image processing or to true differences between RNase P and RNase MRP, both maps were combined to a common starting reference for iterative refinement of both complexes. Images of RNase P and RNase MRP were processed separately. In the subsequent refinement, the current best map of each complex was used as a new reference. Refinement was continued until most orientations of particle images did not change and no further improvement in resolution was observed (see Supplementary Data for more details on iterative refinement). Refinement converged to two distinct maps, which showed similar key-differences as previously observed by starting with individual random conical tilt maps for RNase P and RNase MRP.
Furthermore, we assessed the heterogeneity of the particle populations for RNase P and RNase MRP separately following two approaches. (i) We used Xmipp Maximum-likelihood 3D-sorting (54) to sort particle images of either RNase P or RNase MRP into five classes. (ii) We used IMAGIC 4D, to generate 10 maps from particles randomly assigned to the 10 groups and then iteratively refined in projection matching and supervised classification. Both approaches showed small differences between the maps, but no indication for major intrinsic flexibility or heterogeneous composition of the particles in the population. This justified the refinement of particle images against one representative map in retrospect.
To check whether the orientations were assigned consistently, we sub-classified particle images, which were assigned with similar Euler angles using multivariate statistical analysis (see Supplementary Methods and Supplementary Figure S2 ). Visual inspection showed that the averages of the sub-classes had similar features as the reference projections ( Figure 1D and Supplementary Figure S2 ), further highlighting that the majority of particle images was assigned with a correct overall orientation.
Resolution of the maps was estimated by Fourier shell correlation [FSC, (55) ]. The FSC was 0.5 (56) at a spatial frequency of 1/1.7 nm À1 for RNase P and 1/1.5 nm À1 for RNase MRP [FSC = 0.14 (57) at 1/1.6 nm À1 for RNase P and 1/1.4 nm À1 for RNase MRP; Figure 1 ], respectively.
Image processing of antibody labeled particles
For image analysis in antibody labeling experiments, particle images were selected from micrographs using Boxer, which is part of EMAN (58) . Subsequent alignment and classification were done with IMAGIC 5 (53) and were repeated until classes remained stable. To localize additional densities in the periphery of particles arising from bound antibodies, class averages were sub-classified using a mask focusing on the periphery of the particles.
Fitting of atomic models
Chimera (59) was used to represent results graphically and to fit atomic models. Some components [Pop6-Pop7-P3 subcomplex (35) and the archaeal homolog of the 2:2 Pop5-Rpp1 subcomplex (29) ] were fitted automatically to the segmented map using the Segger option of Chimera (fit to groups of regions). Other components [model of the Schizosaccharomyces pombe RNA (60), the archaeal homolog of the Rpr2-Pop4 subcomplex (27) and the L7Ae protein, which is homologous to Pop3 (34)] were placed manually, taking constrains from published interaction studies and our antibody labeling into account. The manual fits were further optimized with the fit to map option of Chimera, which performs a local optimization. The fit of these components was further validated by calculating local cross-correlations between the map and the fitted components (Supplementary Figure S3 ).
RESULTS
RNase P and RNase MRP share a highly similar protein subunit composition. Therefore, a two-step affinity purification strategy was employed to separate both complexes. A strain with genomically integrated TAP tagged Pop4 subunit was used for tagging either Rpr2 (unique to RNase P) or Snm1 (unique to RNase MRP) with an HA tag. Affinity tags on different subunits led to efficient separation of RNase P and RNase MRP as determined by SDS-PAGE followed by mass spectrometry ( Figure 1A) and further confirmed by quantitative RT-PCR (see also Supplementary Figure S4) . Preparations of negatively stained RNase P and RNase MRP show a homogeneous spread of elongated particles of similar size ( Figure 1B) . The purified RNase P was active in cleaving pre-tRNA in the presence of magnesium ions indicating the recovery of a functional enzyme ( Figure 1C ).
For structure determination by EM, RNase P and RNase MRP were prepared by cryo-negative staining, which keeps residual structural water and reduces flattening compared to conventional negative staining. A total of 42 104 individual particle images for RNase P and of 59 104 for RNase MRP were selected for further processing. The final reconstructions were calculated from 24 373 (RNase P) and 32 232 (RNase MRP) particle images, respectively. The longest axes of the complexes were $20 nm. Visual inspection showed that projections of the reconstructions agreed well with class averages calculated by multivariate statistical analysis ( Figure 1D ) and showed no major heterogeneity in sub-classes (Supplementary Figure S2) highlighting the validity of the 3D maps. The maps had a resolution of 1.7 nm for RNase P and 1.5 nm for RNase MRP ( Figure 1E ). However, considering that the particles were stained, these maps only reproduce the stain-accessible surfaces of the particles but not the internal density distribution of protein and RNA.
RNase P and RNase MRP consist of three modules
Image reconstruction of RNase P and RNase MRP revealed that both enzymes share a similar architecture (Figure 2 ). RNase P/MRP consists of three modules, which form a cavity in their centre. The boundaries of the modules were defined by their limited contacts with neighboring modules. We refer to these modules as the base, rear and lid modules (see Figure 2A for labeling).
Base module
The base module consists of the base plate, a flat trapezoidal entity with alternating ridges and grooves, a globular foot domain underneath it and an arm domain that contacts the lid module in RNase P but not in RNase MRP (Figure 2A) . The base plate forms the largest surface of the central cavity and rises to a crest close to the rear module. In RNase P, the crest occupies both sides of the entry to a channel that is connected to chambers between the base module and the rear module ( Figure 2B , channel entry: open arrows). In contrast, in RNase MRP the crest is located to one side of the channel entrance, resulting in more elongated access to the chambers between the base and rear module ( Figure 2B , open arrow). In RNase P, the channel traverses the complex in a straight line, whereas it is blocked in RNase MRP ( Figure 2B , block: filled circle). This coincides with the channel being accessible from the outside ( Figure 2B , unfilled circle) in RNase MRP and being enclosed in RNase P.
The arm domain emerges at the other side of the base plate. In RNase P the arm domain is thinner and more elongated and contacts the lid module (Figure 2A and B, solid arrow), whereas in RNase MRP the arm is more globular and is not connected to the lid module. RNase MRP has additional density close to where the arm module emerges from the base plate, which is absent from RNase P (Figure 2B, asterisk) .
Lid module
The lid module is most variable between different reconstructions, which might be caused by flexibility or high susceptibility to degradation. The module consists of two domains, which we refer to as the collar and the spike domains (Figure 2A for labeling) . In RNase P, the collar domain connects the lid module to the arm domain of the base module and to the rear module. In contrast, the lid module in RNase MRP is only connected to the rear module.
Rear module
The rear module consists of two similar domains, which are related by $2-fold symmetry, suggesting a dimeric building block. The lower half of the dimeric core contributes to the channel, whereas the upper half anchors the lid module. The rear module is connected to the base module at several defined contact points. The upper half contacts the crest whereas the lower half contacts mainly the lower part of the base plate.
Localization of the subunits in RNase P/MRP
To build a pseudo-atomic model of RNase P/MRP, we wanted to fit the various high-resolution structures of homologous subunits and subcomplexes from different species as well as a structural model for the RNA subunit of S. pombe (60) into our EM maps. However, at the current resolution there were ambiguities where to place some of the high-resolution structures. We therefore localized several subunits of RNase P/MRP by EM and image analysis of complexes with antibody labeled subunits. For labeling we either fused GFP N-terminally (Pop1, Rpr2-HA) or C-terminally (Pop6, Pop8, Pop5, Rpp1) to the subunit of interest. In our hands the GFP tag was too small to be directly detectable in difference imaging. To increase the size we bound a commercially available monoclonal antibody to GFP. Labeling rates for the antibodies were typically <10%, which is in the range of labeling efficiency that we obtain for other complexes (61) (62) (63) . Labeled complexes were observed in preferred orientations, which is possibly due to the additional GFP moiety on one of the protein subunits of the complex. The preferred orientation makes mapping of the epitopes in 3D impossible. However, labeled complexes could be identified by classification techniques and the approximate position of the GFP-antibody complex in the particles could be determined (Figure 3) . The 2D distribution of labels localized Rpp1, Pop5, Pop8 and Rpr2 to the centre of the particle. The positions of Pop8 and Rpp1 were virtually superimposed. However, due to the lack of 3D information it was impossible to distinguish . RNase MRP has additional density close to the arm module (asterisk), which is missing in RNase P (asterisk). Central panel: RNase P and RNase MRP are cut at the same position through the centre of the channel. The channel is open in RNase P (filled circle) and blocked in RNase MRP (filled circle). The arm module is connected to the lid module in RNase P and separated in RNase MRP (arrow). Right panel: the channel is protected to the outside in RNase P (unfilled circle) and accessible in RNase MRP (unfilled circle). The additional density of RNase MRP (asterisk) is close to the arm module and gives rise to a protrusion that is missing in RNase P (asterisk). Scale bar: 2 nm. whether these subunits were based in the rear-module or close to the base plate. Pop6 was located in the foot domain and Pop1 mapped to the lid module.
Pop1 has a molecular mass of 101 kDa and large enough to account for the complete lid module. Indeed, the map of the lid module was 100 000 Å 3 in RNase P, which is somewhat smaller than expected for a 100-kDa protein. Mass spectrometry on typical purifications showed that Pop1 was partially degraded. This was also frequently observed in western blots of C-terminally labeled Pop1-GFP using anti-GFP (data not shown). This instability of Pop1 is consistent with the structural variability that we observe for the lid module and the underestimation of the volume.
Pop5 and Rpp1 form the rear module
The archaeal homologs of Rpp1 and Pop5 form a 2:2 complex in crystals (29) . At low resolution, the structure of this subcomplex closely resembles the dimeric core of the rear module ( Figure 4A, panel 1) . The rear module also gives the best fit in automatic fitting of the crystal structure of the Rpp1-Pop5 complex to segments of the segmented map (cross-correlation = 0.89 to the respective segment). This position is also consistent with our localization experiments that indicated that Rpp1 and Pop5 were located in the centre of the particle. Therefore, the Rpp1-Pop5 complex was fitted into the rear module. In this fit, the positively charged side of Pop5 faces the chamber between the base module and the rear module. The Rpp1-Pop5 complex accounts for most of the density in the rear module apart from the pin (see Figure 2A for definition). This feature, close to the local symmetry axis, suggests some deviation from the 2:2 organization. Possibly Pop8, which is mapped with antibody to the same position as Rpp1 (Figure 3 ) has replaced one of the related Pop5 proteins.
The RNA subunit forms the base plate
Binding of Pop5 and Rpp1 to the RNA subunit leads to a protection of the RNA against nucleases around the conserved catalytic region formed by stems P3, P4 and P5 (64) . This puts the RNA subunit with its catalytic centre into close proximity to the rear module (see also Supplementary Figure S5 for overview), which is consistent with placing it into the base plate. The modeled RNA subunit of RNase P from S. pombe (60), which is considerably smaller than the RNA subunit of S. cerevisiae, has a similar trapezoidal shape as the base plate. The modeled RNA subunit shows a pattern of alternating ridges and grooves that closely resembled the features of the base plate. Placing the RNA model into the density of the base plate with stems P3A, P4 and P5 facing the rear module brings the catalytic core of the RNA subunit into close proximity to the channel entry and the crest ( Figure 4A, panel 2) . At the opposite side of the base plate, the P10/11, P9, P1 and P19 stems in the RNA model (60) approximately match the ridges.
The RNA model lacks a further 44 bases including the P3 bulge loop (see also Supplementary Figure S5) . According to the fitting of the RNA model into the density map, the stem (P3A) leading towards the missing P3 bulge loop points towards the rear module of RNase P and RNase MRP, where an unaccounted density loops back towards the foot domain ( Figure 4B , denoted by asterisk). It is likely that at least part of this density is accounted for by the stem leading to the P3 bulge loop.
The RNA model also lacks 50 bases of the P12 stem at the end of the P10/P11 stem (see also Supplementary Figure S5 ). According to the fit, the P12 stem points directly towards the arm domain ( Figure 4A , denoted by plus), suggesting that RNA forms at least part of the arm domain. In agreement with this assumption, fitting the specificity domain of the RNA subunit of the bacterial complex (24) into our EM-map showed the close resemblance of the shapes (Supplementary Figure S6) despite the differences in secondary structure.
Pop4 and Rpr2/Snm1 stabilizes the S-domain of the RNA subunit Pop4 tightly interacts with Rpr2 (38, 40) , and a solution structure of the archaeal homolog of this complex has been determined (64) . Binding of this complex to the RNA subunit mainly protects regions in the stems of the specificity domain (S-domain, P9, P10, P11 and P12) (64) . Our fitting of the RNA model of S. pombe places this close to the arm module (Supplementary Figure S7 position 4) , where there is unaccounted density underneath the base plate ( Figure 4A, panel 2) . This is consistent with our localization experiments of Rpr2 but incompatible with studies that report an interaction of Pop5 with Pop4 (37) (38) 41) . A Pop5-Pop4 interaction would place the Pop4-Rpr2 subcomplex close to the rear module, but we did not observe sufficient density in this region to accommodate the structure of the Pop4-Rpr2 homologs. The Pop4-Rpr2 complex is therefore more likely to be positioned close to the arm domain. Our labeling experiments do not allow us to distinguish unequivocally between positions close to the rear module or adjacent to the arm domain. 
Pop6 and Pop7 form the foot domain
The P3 stem of the RNA subunit binds the Pop6-Pop7 heterodimer (65) . Our labeling studies localized Pop6 of this subcomplex in the foot domain, which would be consistent with the emerging P3 stem. Recently, the structure of the whole subcomplex consisting of Pop6, Pop7 and the P3 stem has been solved (66) . Automatic fitting of the Pop6-Pop7-P3 complex to the segmented map (Chimera segger option) also gave the best match for the foot domain (correlation 0.84 to the respective segment) further highlighting the validity of the assignment. Fitting this subcomplex into the foot domain showed that the Pop6-Pop7-P3 subcomplex accounts for it completely ( Figure 4A, panel 3) . We obtained the best fit with the P3 stem pointing towards the rear module (Supplementary Figure S7, position 1) close to the missing 44 nt in the RNA model, supporting our fitting of the modeled RNA subunit of S. pombe to the base plate.
DISCUSSION
We have determined the structures of eukaryotic RNase P and RNase MRP at intermediate resolution and mapped a number of subunits in these complexes. Superimposition of known protein structures and a computational model of the eukaryotic RNA subunit onto the EM structure allowed us to build pseudo-atomic models of the RNase P and MRP complexes. The model is consistent with foot-printing data between subunits and the RNA subunit (64,67), our labeling experiments and the shape of the high-resolution structures. The supporting evidence is summarized in Supplementary Table S1 and reported interactions between protein and the RNA-subunit are highlighted in the pseudo-atomic model in Supplementary Figure S7 . For RNase P this model accounts for ca. 75% of the observed volume ( Figure 4B ), lacking only Pop1 in the lid module and individual domains of the RNA and some proteins. The model, together with our maps of RNase P and RNase MRP, offers important insights into the role of the protein components in the particles. Furthermore, the structural differences between RNase P and RNase MRP suggest a mechanism for substrate recognition by RNase P and its differences from RNase MRP.
Proteins in RNase P/MRP support the structure of the RNA During evolution from bacteria to archaea and eukaryotes, the RNA subunit of RNase P/MRP became smaller, while additional protein components were gained. This led to the assumption that a major function of the protein subunits is stabilizing the folding of the RNA. Our model suggests that this is true for the Pop4 and Rpr2 subunits. These were acquired in archaea and retained in eukaryotes and bind underneath the arm domain, which is formed by the S-domain of the RNA subunit. In RNase MRP, Rpr2 is replaced by the larger Snm1 subunit. The S-domain also differs between RNase P and RNase MRP, much more than the rest of the RNA subunit, suggesting that binding to this area involves a specifically adapted subunit. It has been reported that Snm1 interacts with Rmp1 (68), another protein that is unique to RNase MRP and has no counterpart in RNase P. Consistent with Snm1 being larger than its homolog Rpr2 and the additional presence of Rmp1, we observe extra density close to the arm region in RNase MRP ( Figure 2B, asterisk) next to the predicted location of Rpr2.
Pop3 is another protein that potentially binds to the arm domain. It is homologous to the ribosomal L7Ae/ L30e protein (69) , which is incorporated into the archaeal enzyme (70) and elevates the optimal temperature for catalytic activity (71) . Pop3 binds to kink-turn motifs, which are predicted for the P12 stem of the RNA subunits of RNase P and MRP from various species (72) . Binding of Pop3 to the P12 stem is supported by cross-link data (73) and GST-pull downs (41) . An interaction with P12 would place Pop3 in the arm regions of RNase P and MRP, which are large enough to accommodate Pop3 at similar positions with respect to the base plate (see Figure  4B , arrow). However, the resolution of the maps is insufficient to unambiguously determine the exact orientation of Pop3. At the assigned position, Pop3 would be strategically placed for mediating substrate recognition and substrate binding at a site distant from the catalytic core. Such a role in enhancing and stabilizing substrate binding would be compatible with the requirement for Pop3 binding in catalysis at elevated temperatures (71) .
The protein subunits Pop6 and Pop7 form a heterodimer and are specific to eukaryotes. Pop6-Pop7 binds to the P3 stem of the RNA subunit in both RNase P and RNase MRP (65) and account for the foot domain. The Pop6-Pop7 heterodimer holds the P3 stem in an orientation where it kinks back and is positioned directly underneath the base plate. This location is similar to the P15.2 stem of the bacterial B-type RNA (23) and the P18 stem of the bacterial A-type RNA (25) , which also loop underneath the core of the RNA subunit. This suggests that the P15.2/P18 stem of bacteria might have been replaced by the P3 stem, together with the associated Pop6-Pop7 heterodimer, in eukaryotes. A channel is formed between the foot domain and the rear module, providing a protective environment that restricts the conformational space for the RNA substrate that is cleaved off.
Proteins contribute to substrate binding
Other subunits of RNase P/MRP are less tightly intermingled with the RNA subunit and are, therefore, likely to contribute to functions other than direct stabilization of RNA folding. Among these subunits are Pop5 and Rpp1, which form a heterotetramer (29) that comprises the rear module. Pop8 belongs to the same family as Pop5 (72) suggesting that in yeast one of the two Pop5 proteins in the heterotetramer is replaced by the smaller Pop8. This would be consistent with the slight asymmetry observed in the rear module and with our localization of Pop5 and Pop8 at similar positions adjacent to Rpp1. The rear module is comprised of Pop5 and Rpp1, which were acquired in archaea. The rear module binds to the RNA subunit, forming extensive cavities and channels between the rear and base modules (base plate and foot-domain). As for the foot domain, the cavities are strategically positioned to contribute to coordinating the cleaved RNA sequence. Pop5-Rpp1 in eukaryotes and the protein in bacteria fulfill a similar function in enhancing catalysis (67) . This suggests that the rear module is a replacement for the bacterial protein, but provides more sophisticated coordination of the cleaved-off leader sequence.
Interestingly, the system of channels and cavities is different in RNase P and RNase MRP. Whereas RNase P has an enclosed channel, RNase MRP provides a slit that is open towards the side of the S-domain. Accordingly, the possible exit path for the cleaved-off sequence varies between RNase P and RNase MRP ( Figure 5A ).
The Pop1 subunit does not directly contact the RNA but forms the lid module and delineates the substratebinding site. In RNase P, the lid module contacts the arm, forming an enclosed substrate-binding site with a specific shape that resembles a tRNA. In RNase MRP, the lid module does not contact the arm module. This could give rise to a greater flexibility, allowing the substrate-binding cavity to accept a wider range of substrates.
The tRNA is coordinated by the arm and lid modules
Superimposing the structure of a bacterial RNAse P complex with bound tRNA (24) onto our model of RNase P ( Figure 5B) shows the likely contributions of the arm domain and the lid module to substrate binding for tRNA. The tRNA in the fitted ternary complex is oriented such that the 3 0 -end of the tRNA is pointing towards the rear module and enters the channel between the rear module and the base module ( Figure 5B ). The fit suggests that the channel entrance in the eukaryotic RNase P is some 2 nm away from the residues identified as being part of the active site in the bacterial enzyme. In the bacterial enzyme the 5 0 -leader sequence is coordinated by the bacterial protein, which has no counterpart in the EM-density map of the eukaryotic RNase P. This suggests that the 5 0 -leader sequence is coordinated in a different way. Possibly, it also enters the channel and interacts with the extensive system of channels and cavities between base module and rear module.
Further from the catalytic site the structural match is less good, but it is conceivable that the arm domain, where we placed Pop3, coordinates the anticodon stem of the pre-tRNA opposite to the catalytic site. In addition, the lid module restricts the maximal possible length of the anticodon stem of the tRNA ( Figure 5B ). This is consistent with a substrate binding pocket that not only recognizes specific sequences but also identifies the characteristic L-shape of the tRNA.
In the bacterial complex, the S-domain, which we think forms part of the arm domain in the eukaryotic complex, points away from the anticodon stem of the tRNA (24) and is not accommodated by the EM-density ( Figure 5B ). This suggests that the S-domain in the bacterial complex has a more open conformation than in the eukaryotic complex. However, it is difficult to understand, why such an extensive structure is acquired in the S-domain, if it does not directly contribute to substrate binding or catalysis. We think that in the bacterial complex the S-domain was possibly stabilized in the open conformation by the crystal contacts, which were engineered between the tip of the anticodon arm of the tRNA and the end of the P12-stem of the RNA-subunit. Thus the bacterial RNA-subunit could have a greater flexibility adopting an open conformation to facilitate the initial, loose substrate binding and a closed conformation, similar to what we observe in the eukaryotic complex, for further strengthening the substrate binding (induced fit).
According to our model of RNase P (Figure 6 ), the components that were specifically gained in eukaryotes (Pop1, Pop6 and Pop7) are located at the ends of the complex, where they contribute to substrate recognition and binding. This evolution might have been driven by the need to cope with the increased complexity of RNA species in the cell. We speculate that the gains provide a selection for specific shapes, which sample a larger proportion of the surface of potential substrates than in the bacterial complex.
Architecture of the complex and binary interactions
We present a map of the architecture of the complex (Figure 6 ), which accounts for most of the observed density. However, our model agrees only partly with the numerous interaction studies (37) (38) 41, 68, 74) , since many Figure 6 . Cartoon of the subunit organization of RNase P. Subunits where structures could be fitted are shown in the same color as in Figure 4 . Regions, which are not accounted by fitted subunits, are shown in grey.
predicted binary protein-protein interactions cannot be confirmed. However, the published data indicate that these small (20-40 kDa) proteins make five or more protein-protein contacts, and it is unclear if this is really the case. According to our model, no protein subunit in the complex is in direct contact with more than three other proteins. This highlights the difficulties in deducing the architecture of complexes from interaction studies alone. Furthermore, apart from Rpp1 and possibly Pop5 we have no evidence that any of the subunits of RNase P/MRP occurs in multiple copies, in contrast to estimates of the stoichiometry using SYPRO ruby (8) . A potential explanation for these discrepancies might be the formation of dimers that occur in the bacterial RNase P under certain conditions (75) (76) or high-order structures in the cell.
CONCLUSION
In conclusion, we have found that RNase P and RNase MRP show a modular architecture. Modules acquired in archaea and eukaryotes can be understood as evolutionary gains that contribute to substrate recognition and coordination. In eukaryotes, subtle changes in the interplay between the modules in RNase P and RNase MRP alter the shape of the substrate-binding cavities and the channel. This is in agreement with their different substrate specificities and highlights the importance of coordination of the cleaved leader sequence of the substrate.
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